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Abstract 

In  the  present  study,  the  CoSb3  powder  was  prepared  by  solvothermal  route  for  the  first  time  and  the  particle  size  of  the  as-prepared  powder 
is  in  nanoscale.  The  electrochemical  performances  of  the  nanosized  CoSb3  were  characterized  by  galvanostatic  charge  and  discharge  cycling, 
cyclic  voltammogram  (CV)  and  electrochemical  impedance  spectroscopy  (EIS).  The  electrochemical  lithiation  and  delithiation  mechanism 
of  CoSb3  compound  was  investigated  by  ex  situ  XRD  (X-ray  diffraction)  technique.  The  large  reversible  capacity  and  good  cycling  stability 
of  nanosized  CoSb3  suggest  that  it  stands  as  a  promising  anode  material  for  secondary  Li-ion  batteries. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Lithium-ion  batteries  are  state-of-the-art  power  sources 
for  portable  electronic  devices  such  as  camcorders,  mobile 
telephones  and  laptop  computers,  due  to  their  high  working 
voltage  and  energy  density.  Carbon-based  materials  are  cur¬ 
rently  used  as  anode  materials  due  to  the  flat  charge  and  dis¬ 
charge  plateau  and  excellent  cycling  stability.  However,  their 
theoretical  maximum  capacity  is  limited  to  372  mAh  g-1 
corresponding  to  the  formation  of  LiC/,  stoichiometry  [1], 
Since  the  introduction  of  tin-based  oxide  composite  by  Fuji 
Photo  Film  Celltec  in  early  1997  [2],  great  interest  has  been 
turned  to  metal  or  alloy  anodes  due  to  their  extremely  larger 
capacity  compared  to  those  of  carbon-based  materials. 

Among  these  alloys,  which  can  be  potential  anode  materi¬ 
als  for  secondary  Li-ion  batteries,  the  Sb-based  intermetallic 
compounds  received  much  interest  in  recent  years.  Alcantara 
et  al.  [3]  first  reported  CoSb3  as  the  anode  materials  for  Li- 
ion  batteries.  After  that,  a  number  of  Sb-based  intermetallic 
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compounds,  such  as  CrSb2  [4],  TiSb2  [5],  Cu2Sb  [6],  Mr^Sb 
[7],  Coi_2VFevNivSb3  [8],  SnSb  [9],  etc.,  are  intensively  in¬ 
vestigated.  Although  these  compounds  show  slight  lower  ca¬ 
pacity  than  pure  Sb  (660mAhg_1),  they  exhibit  improved 
cycling  behavior.  Unfortunately,  the  long-term  cycleability 
cannot  meet  the  requirement  for  the  practical  application  of 
these  compounds  as  anode  in  commercial  Li-ion  batteries. 
The  main  drawback  of  these  compounds  is  the  rapid  capacity 
fade  upon  repeated  cycling  resulting  from  the  large  volume 
changes  during  the  charge  and  discharge  cycling. 

The  use  of  thin-film  materials  seems  to  be  an  effective 
strategy  to  alleviate  the  volume  change  effect  since  the  thin- 
film  materials  have  higher  surface/thickness  ratio  than  bulk 
materials.  Recent  studies  of  electrochemical  performances  on 
thin-film  Co-Si  [10],  Ag  [11],  SiAlSn  [12],  Ni3Sn2  [13]  and 
NiO  [14]  anodes  show  that  thin-film  materials  have  a  poten¬ 
tial  application  in  Li-ion  batteries,  especially  for  microelec¬ 
tronic  devices.  More  recently,  the  electrochemical  properties 
of  thin-film  CoSb3  have  also  been  investigated  by  Pralong 
et  al.  [15].  The  use  of  nanosized  materials  seems  another 
strategy  to  mitigate  the  volume  change  effect  of  the  inter¬ 
metallic  electrodes  due  to  the  small  particle  size  and  large 
specific  surface  area  of  nanosized  materials,  thus  lessens 
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the  absolute  volume  changes.  In  our  present  work,  nano¬ 
sized  CoSb3  powder  was  synthesized  by  solvothermal  route. 
The  electrochemical  performances  of  this  material  were  in¬ 
vestigated  by  galvanostatic  cycling,  cyclic  voltammogram 
(CV)  and  electrochemical  impedance  spectroscopy  (EIS). 
Ex  situ  XRD  technique  was  also  used  to  study  the  elec¬ 
trochemical  lithiation  and  delithiation  mechanism  of  CoSb3 
compound. 

2.  Experimental 

The  nanosized  CoSb3  was  prepared  by  solvothermal 
route.  C0CI2  6H2O  (10  mmol),  SbCl3  (30  mmol)  and  NaBH4 
(110  mmol)  were  put  into  a  Teflon-lined  autoclave  that  had 
been  filled  with  anhydrous  ethanol  up  to  85%  of  its  160  ml 
capacity.  The  autoclave  was  maintained  at  190  °C  for  24  h, 
then  the  temperature  was  elevated  to  240  °C  and  maintained  it 
for  48  h,  and  then  cooled  to  room  temperature  naturally.  The 
precipitate  was  filtered,  washed  with  anhydrous  ethanol  and 
distilled  water  in  sequence,  and  then  dried  at  1 10  °C  under 
vacuum  for  12  h. 

The  phases  present  in  the  alloy  powder  were  identified  by 
powder  X-ray  diffraction  (XRD)  using  a  Rigaku-D/MAX- 
2550PC  diffractometer  equipped  with  Cu  Ka  radiation 
(A  =  1 .5406  A)  in  the  26  range  of  10-80°  with  steps  of  0.02°. 
The  morphology  of  the  CoSb3  powder  was  observed  by  trans¬ 
mission  electron  microscopy  (TEM)  on  a  JEM-21 10  TEM. 

The  electrochemical  reactions  of  CoSb3  alloy  with  lithium 
were  investigated  using  a  simple  two-electrode  cell:  Li/LiPF(, 
(EC  +  DMC)/CoSb3.  The  working  electrode  consists  of 
80wt.%  CoSb3  powder,  10wt.%  acetylene  black  as  con¬ 
ducting  agent  and  10wt.%  PVDF  (polyvinylidene  fluoride) 
as  binder.  The  cells  were  assembled  in  an  Ar-filled  glove 
box  using  PP  (polypropylene)  micro-porous  film  as  separa¬ 
tor,  a  solution  of  1  M  LiPF6  in  EC  (ethylene  carbonate )/DMC 
(dimethyl  carbonate)  (1 : 1  in  volume)  as  electrolyte  and  metal¬ 
lic  lithium  foil  as  counter  electrode.  The  cells  are  galvanostat- 
ically  charged/discharged  at  a  current  density  of  20mAg~1 
between  0.05  and  1.5  V  versus  Li+/Li.  The  CV  test  was  per¬ 
formed  with  a  scanning  rate  of  O.lmVs-1  between  0.05 
and  2  V  on  an  Arbin-001  MITS  2.9-BT2000  instrument.  EIS 
measurements  were  carried  out  using  a  Solartron  FRA  1250 
frequency  responses  analyzer  combined  with  a  Solartron  SI 
1287  electrochemical  interface.  The  impedance  spectra  were 
recorded  potentiostatically  by  applying  an  ac  voltage  of  5  mV 
amplitude  over  the  frequency  range  from  1  MHz  to  0. 1  Hz  af¬ 
ter  the  cells  were  left  at  the  delithiated  state  for  24  h  to  achieve 
equilibrium. 

Ex  situ  XRD  was  performed  to  investigate  the  electro¬ 
chemical  lithiation  and  delithiation  mechanism  of  C0SI33. 
The  XRD  patterns  were  collected  on  the  CoSb3  electrodes 
at  desired  charged  states  during  the  first  cycle.  The  model 
cells  were  dismantled  in  the  Ar-filled  glove  box  and  the  elec¬ 
trodes  were  covered  with  PE  (polyethylene)  film  in  order  to 
minimize  the  air  exposure  and  were  then  transferred  to  the 


Fig.  1.  XRD  patterns  of  CoSb3  powder  prepared  by  solvothermal  route. 

XRD  analysis  chamber.  XRD  data  of  CoSb3  were  collected 
in  the  26  range  of  10°-80°  with  steps  of  0.02°. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  CoSb3  powder  prepared 
by  solvothermal  route.  The  diffraction  peaks  can  be  indexed 
as  skutterudite-type  CoSb3  phase  with  space  group  7m3  [16]. 
The  lattice  parameter  calculated  from  the  diffraction  data  is 
a  =  9.033  A,  which  is  in  good  agreement  with  the  literature 
value  ( a  =  9.034  A)  [16].  According  to  XRD  results,  the  syn¬ 
thesis  reactions  can  be  written  as: 

C0CI2  +  2NaBH4  -*  Co  +  2BH3  +  H2  +  2NaCl  (1) 

SbCl3  +  3NaBH4  ->  Sb  +  3BH3  +  |h2  +  3NaCl  (2) 

Co  +  3Sb  CoSb3  (3) 

Fig.  2  shows  the  TEM  images  of  CoSb3  powder  prepared 
by  solvothermal  route.  Note  that  the  CoSb3  particles  are  com¬ 
posed  of  small  granules  with  particle  size  below  20  nm  and 
large  aggregates  with  size  above  60  nm.  The  shapes  of  both 
small  granules  and  large  aggregates  are  irregular.  It  seems 
that  the  particles  are  connected  each  other  and  form  a  net¬ 
work  structure.  As  a  result,  the  particle  size  of  CoSb3  powder 
prepared  by  solvothermal  route  is  in  nanoscale. 


Fig.  2.  TEM  images  of  CoSb3  powder  prepared  by  solvothermal  synthesis. 
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Fig.  3.  Charge  and  discharge  curves  of  nanometric  CoSb3  electrode  for  the 
first  three  cycles. 

Fig.  3  shows  the  charge  and  discharge  curves  of  nano¬ 
metric  CoSb3  electrode.  It  is  clear  that  apart  from  the  first 
discharge  process,  the  nanometric  CoSb3  electrode  exhibits  a 
high  reversibility  evidenced  by  the  almost  overlapped  charge 
or  discharge  curves.  The  first  reversible  capacity  of  nanomet¬ 
ric  CoSb3  electrode  reaches  521  mAhg-1,  which  is  close  to 
its  theoretical  capacity  of  568  mAh  g- 1 ,  corresponding  to  the 
formation  of  L^Sb  composition.  Considering  the  high  den¬ 
sity  (7.25 gem-3)  of  CoSb3  compound,  the  volumetric  ca¬ 
pacity  of  CoSb3  reaches  3770  mAh  cm-3,  which  is  over  four 
times  higher  than  that  of  carbon-based  materials  (800  mAh 
cm-3).  As  a  result,  the  nanometric  CoSb3  arises  as  a  high- 
capacity  anode  material  for  secondary  Li-ions  batteries. 

Fig.  4  compares  the  cycling  behavior  between  nanomet¬ 
ric  and  micrometric  CoSb3  electrodes.  Only  slight  capacity 
fade  is  observed  for  the  nanometric  CoSb3  electrode  for  the 
10 cycles.  The  good  cycling  behavior  is  related  to  the  mi¬ 
crostructure  of  nanometric  CoSb3.  The  reduced  particle  size 
for  nanometric  CoSb3  decreases  the  Li-ions  diffusion  path 
and  thus  causes  the  small  absolute  volume  change.  In  ad¬ 
dition,  the  large  specific  surface  area  of  nanometric  CoSb3 
maximizes  the  contacts  between  active  material  and  elec¬ 
trolyte  solution,  thus  improving  kinetics  for  the  lithiation 
and  deli thiation  reactions.  Consequently,  the  cycling  stability 
is  enhanced.  Note  that  the  electrochemical  performances  of 


Fig.  4.  Comparison  of  cycling  behavior  between  nanometric  and  micromet¬ 
ric  CoSb3  electrodes. 


nanometric  CoSb3  electrode  are  greatly  improved  compared 
to  that  of  the  micrometric  counterpart  as  shown  clearly  in  the 
figure.  The  poor  cycling  behavior  for  micrometric  CoSb3  is 
related  to  its  large  absolute  volume  change  upon  cycling  and 
sluggish  Li-ions  diffusion  kinetics.  Note  that  the  first  irre¬ 
versible  capacity  (defined  as  the  difference  between  the  first 
lithiation  capacity  and  first  delithiation  capacity)  for  micro¬ 
metric  CoSb3  (311  mAhg-1)  is  larger  for  nanometric  one 
(257 mAhg-1).  This  is  due  to  the  fact  that  the  micrometric 
sample  is  prepared  by  ball  milling,  and  ball  milling  often 
introduces  impurities  and  defects  facilitating  the  decompo¬ 
sition  reactions  of  electrolyte  solution  and  formation  of  the 
SEI  layer. 

Fig.  5  shows  the  cyclic  voltammogram  (CV)  curves  of  the 
nanometric  CoSb3  electrode  for  the  first  three  cycles.  Apart 
from  the  first  cycle,  the  electrode  exhibits  high  reversibility 
as  can  seen  from  the  almost  overlapped  CV  curves,  which 
is  in  good  agreement  with  the  enhanced  electrochemical 
performances  of  the  nanometric  CoSb3  electrode.  The 
cathodic  anodic  and  peaks,  which  are  positioned  at  around 
0.6  and  1 .2  V,  respectively,  correspond  to  the  lithiation  and 
delithiation  plateaus  in  the  charge  and  discharges  curves. 
However,  the  cathodic  peak  for  the  first  cycle  is  not  well 
developed,  which  may  be  ascribed  to  the  sluggish  kinetics  of 
first  lithiation  process  which  can  be  described  as  a  process  of 
the  decomposition  of  CoSb3  structure  and  the  accompanied 
structural  reconstruction  within  the  electrode  system. 

Ex  situ  XRD  was  used  to  investigate  the  lithiation  and 
delithiation  mechanism  of  the  nanometric  CoSb3  in  our 
present  work.  The  XRD  patterns  at  desired  charged  state  are 
summarized  in  Fig.  6.  No  obvious  changes  in  the  XRD  pat¬ 
terns  can  be  observed  when  the  electrode  is  discharged  to 
0.6  V,  which  means  the  basic  CoSb3  structure  is  maintained 
above  such  a  potential.  The  lithiation  capacity  above  this  po¬ 
tential  is  attributed  to  the  decomposition  of  the  electrolyte 
solution  and  the  subsequent  formation  of  solid  electrolyte  in¬ 
terface  (SEI)  layer  [17]  composing  mainly  of  LLCO3  and 
(CH?0C02Li)2  which  irreversibly  consume  some  Li-ions 
and  account  for  the  large  first  discharge  capacity  (about 
750  mAh  g-1).  When  the  electrode  is  polarized  to  0.05  V,  the 


Fig.  5.  cyclic  voltammogram  of  nanometric  CoSb3  electrode  for  the  first 
three  cycles.  The  scanning  rate  is  0.1  mV  s_1 . 
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Table  1 

Fitting  results  of  Nyquist  plots  using  the  equivalent  circuit 


Sample 

Rs  (£2) 

Ri  (£2) 

R2  (£2) 

Rw  (£2) 

As-prepared 

5.16  ±0.02 

234.7  ±  2.3 

31.7  ±1.4 

893.2  ±27.7 

Discharged  to  0.94  V 

6.98  ±  0.05 

112.0  ±1.5 

0.97  ±0.46 

56.9  ±6.6 

Discharged  to  0.4  V 

5.05  ±0.96 

63.0  ±1.4 

2.13  ±0.73 

83.7  ±6.1 

Charged  to  0.96  V 

9.58  ±0.15 

40.3  ±1.9 

6.4  ±1.3 

66.9  ±6.9 

Charged  to  1.48V 

8.23  ±0.18 

49.3  ±4.3 

5.8  ±2.8 

377.4  ±9.2 

CoSb3  peaks  are  significantly  reduced  and  broadened  with 
the  appearance  of  Li3Sb  peaks.  So,  the  first  discharge  pro¬ 
cess  can  be  written  as: 

CoSb3  +  9Li+  +  9e“  ->  3Li3Sb  +  Co  (4) 

Li3Sb  peaks,  however,  are  not  well  resolved  under  present 
condition  due  to  the  complicated  electrode  system  and  the 
large  background  peaks.  Note  that  the  CoSb3  structure  is 
not  recovered  even  though  at  full  delithiated  state  (charged 
to  1.5  V).  This  means  the  CoSb3  structure  undergoes 
irreversible  decomposition  upon  first  discharge  process. 
According  to  the  ex  situ  XRD  and  the  CV  results,  the  chare 
and  discharge  reactions  during  the  subsequent  cycling  can 
be  written  as: 

Li3Sb  **  Sb  3Li+  +  3e“ 

Under  such  a  condition,  Li3Sb  or  Sb,  rather  than  CoSb3, 
can  be  considered  as  the  true  rechargeable  anode.  It  should 
be  mentioned  that  the  cobalt  diffraction  peaks  are  absent  in 
the  XRD  patterns.  In  our  opinion,  the  cobalt  may  be  in  the 
amorphous  state  or  in  nanoscale. 

To  further  study  the  lithiation  and  delithiation  mechanism 
of  nanometric  CoSb3  electrode,  EIS  was  carried  out.  The 
spectra  evolution  at  the  desired  voltages  are  summarized  in 
Fig.  7(a).  The  impedance  spectra  are  fitted  with  the  equiva¬ 
lent  circuit  as  seen  in  Fig.  7  (b).  According  to  the  literature 
[18],  Rs  represents  the  solution  resistance,  R[  and  CPEj  sig¬ 
nify  the  diffusion  resistance  of  Li-ions  through  the  solid  elec¬ 
trolyte  interface  (SEI)  layer  and  the  corresponding  constant 
phase  element  (CPE),  /G  and  CPE3  correspond  to  the  charge 
transfer  resistance  and  the  corresponding  the  CPE,  while  Rw 
is  related  to  the  solid  state  diffusion  of  Li-ions  in  the  ac- 


Fig.  6.  Ex  situ  XRD  patterns  of  nanometric  CoSb3  electrodes  for  fresh  elec¬ 
trode  (a),  discharged  to  0.6  V  (b),  discharged  to  0.05  V  (c),  charged  to  1 .0  V 
(d),  and  charged  to  1 .5  V  (e). 


Z'  IQ. 


R\  R.2 


(b)  CPE,  CPE 2 


Fig.  7.  EIS  plots  of  nanometric  CoSb3  electrodes  at  different  voltages  (a) 
and  the  corresponding  equivalent  circuit  (b). 

tive  materials  corresponding  to  the  slopping  line  at  the  low 
frequency.  The  fitting  results  of  Nyquist  plots  by  equivalent 
circuit  (shown  in  Table  1)  indicate  that  the  as-prepared  nano¬ 
metric  CoSb3  electrode  exhibits  extremely  large  R  \  value 
which  decreases  rapidly  on  first  discharge.  Generally  speak¬ 
ing,  the  as-prepared  electrode  should  not  show  such  a  large 
SEI  resistance.  In  our  opinion,  the  large  R\  comes  mainly 
from  Li  counter  electrode  with  small  contribution  from  SEI 
resistance  even  the  precise  separation  of  the  two  kinds  of  re¬ 
sistances  is  difficult  due  to  the  complicated  electrode  system. 
The  large  change  of  resistance  means  that  the  nanometric 
CoSb3  electrode  undergoes  a  great  structural  reconstruction 
in  the  first  discharge  process,  during  which,  the  electrode  is 
activated  with  the  reduced  electrode  resistance,  and  the  Li 
surface  area  may  be  on  the  increase  evidenced  by  the  rapid 
reduced  R\  value.  Notice  that  the  resistance  changes  during 
the  charge  process  are  smaller  than  that  during  the  discharge 
process  indicating  less  drastic  microstructure  changes. 

4.  Conclusions 

In  this  paper,  nanosized  CoSb3  was  prepared  by  solvother¬ 
mal  method,  and  its  electrochemical  lithiation  and  delithia¬ 
tion  performances  were  investigated  by  several  electroanalyt- 
ical  techniques,  namely,  galvanostatic  cycling,  CV  and  EIS. 
The  nanoscaled  CoSb3  exhibits  improved  capacity  retention 
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compared  to  its  micrometric  counterpart  due  to  the  nanodis¬ 
persion  effect. 
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